An increased vulnerability of adult b-cells seems to be programmed in early life as adult islets from the progeny of dams fed a low-protein diet exhibited an increased apoptotic rate after cytokine stimulation. This was prevented by maternal taurine supplementation. Here, we investigated the mechanisms implicated in such an increased vulnerability and how taurine exerts its protective role. Throughout gestation and lactation, Wistar rats were fed a 20% (control (C group)) or an isocaloric 8% protein diet (recovery (R group)) supplemented or not with taurine (controlC taurine and recoveryCtaurine groups respectively). Offspring received a 20% protein diet after weaning. Islets from 3-month-old females were isolated and cultured for 48 h before being incubated with or without cytokines for 24 h. In unstimulated islets, apoptotic rate and NO . secretion were higher in R than in C. Both GADD153 mRNA and protein were increased, whereas mRNA of mitochondrial gene ATPase6 was downregulated in R group compared with C. In the RT group, taurine prevented apoptosis and restored a normal NO . production in GADD153 as well as ATPase6 mRNA expression. After cytokines-induction, apoptosis and NO . secretion were still increased in R compared with C but both parameters were normalized in the RT group. In conclusion, a maternal low-protein diet programmes a different pattern of gene expression in islet-cells of adult progeny. Higher NO . production by these islets could be an important factor in the subsequent cell death. The prevention of these events by maternal taurine supplementation emphasizes the importance of taurine during endocrine pancreas development.
Introduction
Much epidemiological data has emerged showing that an inappropriate maternal environment in which the foetus is developing generates a growth retardation that has been associated with the appearance of degenerative diseases including obesity, cardiovascular disease and diabetes in adulthood (Vanhala et al. 1998 , Ravelli et al. 2005 , Barker et al. 2007 . This leads to the conclusion that adult diseases may originate during organ development and suggests that a programming of pathologies is possible. According to Hales & Barker (2001) , the most important cause of foetal growth retardation at the world scale is maternal malnutrition. For this reason, we developed an experimental rat model of foetal growth retardation induced by maternal low-protein diet during pregnancy. In this model, the development of the endocrine pancreas of the offspring was affected. b-cell proliferation, pancreatic insulin content and insulin secretion were decreased (Snoeck et al. 1990 , Dahri et al. 1991 , whereas islet cell apoptosis was increased in the presence or absence of nitric oxide donor or cytokines (Merezak et al. 2001) . Maternal low-protein diet modified the amino acid profile in plasma (Reusens et al. 1995) . Taurine, which is particularly important during embryological development (Sturman 1993) , was found to be severely reduced in both mothers and their foetuses. When taurine was given to lowprotein fed mothers along gestation, most of the damages observed in the foetal islets were restored (Cherif et al. 1998 , Boujendar et al. 2002 , Merezak et al. 2001 .
Long-term maternal malnutrition imprints islet behaviour, since, Merezak et al. (2004) demonstrated that in adulthood, islets of adult rats fed a protein restricted diet during early life developed a higher vulnerability towards cytokine-induced apoptosis than normally fed rats. Supplementation of malnourished mothers with taurine normalized apoptosis in these adult islets.
Signal transduction leading to cytokines-mediated b-cell apoptosis is achieved by modulation of genes expression including upregulation of Fas receptor and stimulation of inducible nitric oxide synthase (iNOS). Fas is a cell surface receptor belonging to the TNF receptor super family that triggers apoptosis via Fas-ligand recognition and subsequent caspases activation (Eizirik & Mandrup-Poulsen 2001 
. This oxidant is more reactive than the parent molecules and generates several cellular dysfunctions including inhibition of haem containing enzymes, lipid peroxidation in membranes and lipoproteins, as well as induction of nuclear and mitochondrial DNA mutations (Eizirik & Pavlovic 1997) .
Impairment of ER homeostasis leads to unfolded and misfolded protein accumulation which threatens cell survival. When the threshold of cell death has not been reached, unfolded protein response (UPR) reduces general protein synthesis (Harding & Ron 2002) and activates selective chaperones such as IgG heavy chain binding protein (BiP; Kozutsumi et al. 1988) . During ER stress, calcium homeostasis is disrupted and the ion is released in the cytosol. In b-cells sarco-endoplasmic reticulum Ca 2C -ATPase2b (SERCA2b) actively reloads calcium into the lumen of the ER (Arredouani et al. 2002) . However, in severe ER stress, UPR activates the translation of transcription factor 'growth arrest and DNA damage inducible-protein 153 (GADD153)' which triggers apoptosis (Oyadomari & Mori 2004) . GADD153 is not restricted to ER stress pathways since redox stress (McCullough et al. 2001) and amino acid deprivation (Bruhat et al. 1997 , Averous et al. 2004 ) induce the expression of this proapoptotic factor. Indeed, mitochondrial dysfunction caused by mitochondrial mutations has also been involved in GADD153 overexpression (Fujita et al. 2007) . Mitochondria play a crucial role in the regulation of cell survival and death (Duchen 2004) . Increasing evidence suggests that mitochondrial impairment intervenes in different pathologies including neurodegenerative disorders (Schapira 2006) and diabetes (Newsholme et al. 2007) .
The aim of this study was to investigate the mechanisms implicated in the higher vulnerability of adult islets from early malnourished rats and to understand the role played by taurine in the protection of cytokine-induced islet cell apoptosis. We focused on several elements of ER and mitochondrial function to evaluate a possible influence of early low-protein diet and early taurine supplementation on islet cell death.
Materials and methods

Animals
Wistar male rats were caged overnight with females and copulation was verified next morning by the presence of spermatozoa in the female vagina. Pregnant rats were then divided into four groups depending upon the diet that was administered. A 20% protein diet was given to animals of the control group (C group), whereas rats of the recovery group were fed an isocaloric 8% protein diet (R group) during gestation and lactation. To investigate the effect of taurine, some rats received a control or a low-protein diet supplemented with 2 . 5% w/v taurine in the drinking water (controlCtaurine (CT group) or recoveryCtaurine (RT group)). After weaning (day 21), rats of each group received a 20% protein diet until adult age. Animals had free access to water and food during all the experiment. They were maintained at 25 8C with a 10h:14h darkness: light cycle. Diets were purchased from Hope Farms (Woerden, Holland); the composition has been described previously (Bieswal et al. 2004) . All procedures were carried out in accordance with 'Principles of laboratory animal care' (NIH publication no. 85-23, revised 1985) and with the approval of the animal ethics committee of the Université catholique de Louvain.
Cell culture and treatment
For each islet isolation, two rats from the same mother were used. Then, islets from these two rats were pooled representing thus one independent experiment that was repeated five to eight times. Pancreatic islets were isolated from the 90-day-old offspring by collagenase digestion. Animals were killed and pancreases were perfused with 10 ml of a 580 mg/l type XI collagenase (1 . 38 U/mg specific activity, Sigma), diluted in HBSS containing DNase (200 mg/l, Roche). Glands were then removed, cleaned and minced. After sedimentation, the supernatant fluid was eliminated and the tissue was resuspended in an equal volume of a 116 mg/l type XI collagenase diluted in a DNAse/HBSS solution. Pancreas were shaken in a 37 8C bath for 13 min to completely separate islets from exocrine tissue. Digestion was stopped by addition of ice cold HBSS. Islets were visualized by dithizone staining (50 mg/l, Sigma) and hand picked. Once washed in HBSS, islets were incubated in RPMI 1640 medium (Gibco) containing foetal bovine serum (5% v/v) and antibiotics (3% PenStrepFungizone solution (Cambrex, Charles City, IA, USA) and 0 . 5% Gentamicin solution (Gibco)).
After 24 h of culture, the islets were rinsed with serum-free DMEM/F12 medium (1:1 v/v; Gibco) containing 17 . 51 mmol/l glucose and antibiotics. The following day, islets were exposed for 24 h to the same medium with or without 50 kU/l IL1B, 100 kU/l IFNG and 100 kU/l TNF (Gibco).
Islets were then picked and some were lysed in 500 ml TRI Reagent (Sigma) for mRNA isolation, while others were dissolved in 2% SDS/1% triton for protein extraction. A third part of islets was washed in PBS, permeabilized for 10 min in ethanol and frozen until apoptosis labelling. The culture media of islets exposed or not exposed to cytokines were also collected and stored at K20 8C.
Apoptosis labelling
The level of apoptosis has been estimated by the TUNEL (TdT-mediated dUTP-X-nick end labelling) method. This technique is based on the DNA cleavage that occurs during the early stage of apoptosis. Fragmented DNA was detected by labelling the free 3 0 -OH termini with modified nucleotide (fluorescein-dUTP). The template polymerization was catalyzed by the enzyme terminal deoxynucleotidyl transferase (TdT). We used the kit 'In Situ cell death detection kit, fluorescein' from Roche. Total islet nuclei were labelled with ethidium bromide (Sigma).
Stained probes were examined through a confocal laser scanning microscopy system (MRC-1024 u.v.; Bio-Rad) equipped with argon ion and krypton argon lasers. We have collected three optical sections of 10 mm from each other per islet, and counted at least 10 000 islet nuclei in each group. The total number of fluorescein-positive nuclei in the three sections was reported to the total number of ethidium positive nuclei and expressed as a percentage.
Nitric oxide (NO . ), monocyte chemoattractant protein-1 (MCP-1) and interferon-g inducible protein-10 (IP-10) measurements. The concentration of NO . released in the culture medium was determined by analyzing a stable product of NO oxidation, the nitrite. In acidic conditions, nitrite reacts with 2, 3-diaminonaphtalene (Molecular Probes, Eugene, OR, USA) to form 3-diaminonaphtalene, the 1-(H)-naphthotriazole. To estimate the total quantity of NO secreted, nitrate was reduced to nitrite with a nitrate reductase from Aspergillus species (Sigma). 1-(H)-naphthotriazole was excited at 365 nm and measured at 460 nm (Fluoroskan Ascent Labsystems, Vantaa, Finland).
Commercially available ELISAs were used to quantify the secretion of both chemokines MCP-1 and IP-10. Samples were assayed for MCP-1 (BioSource International Inc., Camarillo, CA, USA) and IP-10 (R&D Systems Inc., Minneapolis, MN, USA).
Analysis of mRNA expression
The general quality of RNA was verified on agarose gel. An amount of 0 . 5 mg RNA was reverse transcribed into cDNA with the Invitrogen 'SuperScript III First Strand Synthesis System for RT-PCR' kit. The primers were designed with Primer Express software v2.0 (Applied Biosystems, Foster City, CA, USA) and tested with Amplify software (Amplify version 3.0, University of Wisconsin, WI, USA). Primers sequences and amplicon sizes are described in Table 1 .
Messenger RNA expression was determined using SYBR green technology (qPCR MasterMix Plus for SYBR green I, Eurogentec, Seraing, Belgium) on an AB Prism 7700 Sequence Detector (Applied Biosystems). The gene coding for TATA Box-binding protein was used as housekeeping gene as its expression was unmodified by the experimental conditions. All quantifications were achieved with the comparative DDC t method and normalized to the endogenous control as described by the manufacturer.
Analysis of GADD153 protein expression
Fifty micrograms of islet protein was loaded on a 15% SDS-PAGE gel under non-reducing conditions. After separation, proteins were transferred to nitrocellulose membranes, washed and incubated with rabbit anti-GADD153 antibody complexes (6 . 0 mg/l, Sigma). Western blot detection was achieved using the lightning chemiluminescence plus (Perkin Elmer LAS, Inc., Boston, MA, USA).
Statistical analysis
The statistical significance of variations was evaluated with GraphPad Prism 4 (GraphPad software Inc., San Diego, CA, USA). The comparisons between groups were carried out by one-way ANOVA followed by Newman-Keuls post-tests. The results were reported as meansGS.E.M. Significance was assumed if P!0 . 05.
Results
Early protein restriction increased apoptotic rate and NO . production in the adult islets, which was prevented by maternal taurine supplementation
In the absence of cytokines, the apoptotic rate was threefold higher in R islets compared with C islets (Fig. 1A) . Inducible NOS mRNA trended to increase, although the difference did not reach the significance level (Fig. 1B) , whereas NO . production was markedly enhanced in R compared with C group (Fig. 1C) . Taurine given to low-protein mothers (RT group) significantly reduced apoptosis (Fig. 1A) and NO .
secretion compared with R group (Fig. 1C) .
Islets from different groups were also cultured with a mixture of IL1B, IFNG and TNF. As shown on the micrographs (Fig. 1A) , the number of TUNEL-positive nuclei increased after 24-h incubation with cytokines. Again, R islets had a significantly higher apoptotic rate and secreted a higher amount of NO . compared with C islets. Taurine decreased both apoptotic rate and NO . production in RT islets so that statistical difference was no more observed compared to C islets ( Fig. 1A and C) . However, when taurine was administered to C mothers, apoptotic rate (Fig. 1A) , iNOS mRNA (Fig. 1B) and NO . secretion (Fig. 1C) were enhanced compared with the islets of C rats not supplemented with the amino acid.
Maternal low-protein diet did not modify Fas mRNA expression or the production of MCP-1 and IP-10 secretion by the islets of the adult progeny Since Fas-mediated signalling pathway is an important contributor to T-cell mediated b-cell toxicity in type-1 diabetes (Loweth et al. 1998 , Amrani et al. 2000 , Augstein et al. 2003 , we also measured the expression of the mRNA coding for the receptor in the islets of the four groups (Fig. 2) . Cytokines increased Fas mRNA expression tenfold but there was no effect of maternal diet or early taurine supplementation, either in the absence or presence of cytokines.
MCP-1 and interferon-g inducible protein-10 (IP-10) secretion were measured to assess whether maternal malnutrition would influence the expression of molecules that are known to lead to the establishment of a pro-inflammatory environment in the islets. Indeed, both MCP-1 and IP-10 were found in higher concentration in type-1 diabetes patients (Nicoletti et al. 2002 , Cipollone et al. 2005 , where they participate in the recruitment and activation of lymphocytes and macrophages implicated in insulitis (Atkinson & Wilson 2002) . Under basal conditions (no cytokines), the secretion of MCP-1 and IP-10 did not reach the detection limit of commercial ELISAs (11 . 7 pg/ml and 31 . 2 pg/ml for MCP-1 and IP-10 respectively). Cytokines increased the production of MCP-1 to 0 . 5 pg/islet/24 h and IP-10 to 1 pg/islet/24 h.
Neither the maternal diet, nor the taurine supplementation affected MCP-1 and IP-10 secretion (not shown).
Early malnutrition induced GADD153 mRNA and protein expression but not BiP and SERCA2b mRNAs in the islets at adult age Since endoplasmic reticulum stress is implicated in b-cell apoptosis (Araki et al. 2003) , we studied several key components of the UPR. Without cytokines, maternal low-protein diet did not significantly modify BiP mRNA, or SERCA2b mRNA but lead to a significantly enhanced expression of GADD153 mRNA in the adult islet of the progeny compared with C islets. Taurine prevented the increased GADD153 mRNA in RT islets but had no effect on BiP or SERCA2b mRNA (Fig. 3A) .
After 24 h of cytokines incubation, BiP mRNA expression was equivalent to that measured in basal conditions but the mRNA levels of SERCA2b were two-to three-fold reduced. After exposure to cytokines, GADD153 mRNA was doubled in each group. The difference of expression between R and C lost significance although the trend persisted. A western blot analysis was then performed to assess whether the effects of maternal low-protein diet and of early taurine supplementation on GADD153 expression were confirmed at the protein level. As shown in Fig. 3B , the band corresponding to the GADD153 protein was clearly observed in the R group, whereas the protein was absent from C and RT islets.
Early low-protein diet increased PRDX5 mRNA expression and reduced ATPase6 mRNA level
We then studied the effect of maternal malnutrition and early taurine supplementation on the mitochondrial antioxidant defence capacity in the adult islets. We focused on MnSOD as well as peroxiredoxin (PRDX) 3 and 5, two hydrogen peroxide scavengers expressed in b-cells (Romanus et al. 2007) . Neither PRDX3 nor MnSOD mRNA were found to be modified by early low-protein diet in the adult islets incubated in the absence of cytokines (Fig. 4) . Only PRDX5 mRNA was significantly overexpressed in the R group compared with the C group. After early taurine supplementation PRDX5 expression was slightly reduced in the RT islets, so that there was no difference when the expression was compared with controls. On the other hand, early taurine supplementation led to an enhanced transcription of PRDX5 in the CT islets compared with C islets. When cytokines were added to culture medium, the MnSOD mRNA was largely stimulated in each group of islets and particularly in the RT islets where the mRNA expression was significantly different compared with R islets.
Finally, the expression of ATPase6 mRNA was investigated. The choice of this gene was motivated by the following. First of all, ATPase6 is encoded by the mitochondrial genome. Secondly, the gene codes for subunit 6 of the ATP Figure 1 Maternal low-protein diet increased apoptotic rate, iNOS mRNA expression and nitric oxide produced by islets of adult progeny, whereas early taurine supplementation had a protective role on these parameters. Rats from control (C), recovery (R), controlCtaurine (CT) and recoveryCtaurine (RT) groups were cultured for 48 h before being incubated with or without IL1B, IFNG and TNF for 24 h. pump and by this way intervenes in ATP production (Lee et al. 2003) . Without cytokines, ATPase6 mRNA was dramatically reduced in adult islets of R group compared with C group but was completely normalized by early taurine supplementation (Fig. 4) . Cytokines led to a fourfold reduction of ATPase6 mRNA except in R group where mRNA expression was already very low. In these conditions, CT islets expressed more ATPase6 mRNA than C islets.
Discussion
Since the purpose of this study was to discover the pathways leading to higher vulnerability of islets from early proteinrestricted rats and how taurine supplementation protects from apoptosis, we analyzed the expression of factors known to intervene in islet-cell death and related these results to the apoptotic rate.
Already in the absence of cytokines, the higher apoptotic rate in R islets correlated with an increased production of NO . . Such increased NO production could be related to the increased iNOS expression, but other NOS may participate to this increased NO production in R islets. Adult islets contain endothelial cells that may produce NO by eNOS activity and some endothelial cells may still be present in isolated islets after 3 days of culture. Pancreatic b-cells also express neuronal constitutive NOS (Lajoix et al. 2001 , Mosen et al. 2008 ) and neuronal NOS-derived NO has been involved in the glucose-mediated insulin release (Lajoix et al. 2001 , Henningsson et al. 2002 . In basal conditions (without cytokines), it is not possible to identify the participation of each of the NOS activities in the increased production of NO in the R islets but, the important finding of this work is that more NO is produced in basal conditions by adult islets from offspring of mothers fed a low-protein diet during gestation and lactation which may reduce the viability of b-cells.
Increasing evidence suggests that NO . -induced b-cell apoptosis is partly mediated by the ER stress pathway (Oyadomari et al. 2001) . To evaluate the effect of maternal protein-restriction on ER homeostasis in adult islets, we first quantified the level of mRNA coding for BiP, an ER chaperone that also acts as a regulator of the ER signal Figure 2 Maternal low-protein diet and early taurine supplementation did not influence the expression of Fas receptor mRNA in the adult islets. Rats from control (C), recovery (R), controlC taurine (CT) and recoveryCtaurine (RT) groups were cultured for 48 h before being incubated with or without IL1B, IFNG and TNF for 24 h. The cDNA samples were amplified in parallel with TBP specific primers and results are expressed relative to controls. Seven to eight samples per group were used under basal conditions, with five to six samples per group for cytokines incubation. transduction pathway (Bertolotti et al. 2000) . In unstimulated conditions, R islets exhibited a trend to increase BiP mRNA compared with C islets. To better characterize ER stress in islets of early low protein fed rats, we studied the expression of SERCA2b mRNA. This pump reloads Ca 2C into the ER lumen and avoids calcium accumulation in the cytosol during ER stress and subsequent metabolism perturbation. Maternal low-protein diet had no effect on the expression of this gene.
However, despite the absence of mRNA modulation, a defect at the level of SERCA2b activity cannot be excluded in R islets since we showed that these islets produce large amounts of NO . that was shown to inhibit SERCA activity by modification of cysteine residues of the Ca 2C pump (Viner et al. 1999) . GADD153 overexpression is involved in a variety of stress response pathways including prolonged ER stress (Oyadomari & Mori 2004) . The mechanisms leading to GADD153-induced cell death remain only partly understood, although it has been shown that GADD153 decreases Bcl-2 level and depletes cellular glutathione content (McCullough et al. 2001) . Furthermore, GADD153 upregulates ER oxidase ERO1a that perturbs redox state and induces oxidative stress (Marciniak et al. 2004) . We found that the maternal low-protein diet led to an overexpression of GADD153 mRNA and protein in islets of the progeny incubated in basal conditions. This could partly explain the increased apoptotic rate observed in the R islets. It has been recently shown that the modulation of GADD153 expression by b-cells exposed to cytokines was dependent on the NO .
production since the addition of iNOS inhibitor to culture medium containing cytokines normalized the expression of that gene (Kutlu et al. 2003) . Moreover, NO . is susceptible to react with superoxide anion ðO K 2 Þ within the mitochondria in order to generate peroxinitrite (ONOO K ; Ghafourifar et al. 1999) . This powerful oxidizing agent has been shown to be a strong inducer of GADD153. The mechanism would involve mitogen-activated protein kinases (MAPK) rather than ER signalling pathway. Indeed, the p38 kinase was shown to regulate GADD153 by protein phosphorylation (Wang & Ron 1996) but also by intervening on mRNA transcription (Oh-Hashi et al. 2001) . Both GADD153 mRNA and protein expression were induced in R group.
The function of ER is intimately connected with that of mitochondria. Mitochondrial dysfunction resulting from mitochondrial DNA mutations elicits GADD153 upregulation (Fujita et al. 2007 ). Mitochondrial DNA is highly sensitive to NO . /ONOO K attack (Wilson et al. 1997) probably because of the lack of histone protection and the ineffective DNA repair system (Wallace 1994) . Recently, Simmons et al. (2005) demonstrated that adult islets from rats with intrauterine growth retardation produced a higher level of ROS, leading to the accumulation of mitochondrial point mutations associated with decreased expression of mitochondrial encoded genes. Based on these observations, we assessed the effect of early malnutrition on the expression of the mitochondrial gene ATPase6 in islets of adult progeny. In non-stimulating conditions, ATPase6 mRNA expression was strongly downregulated in R islets compared with C islets. We did not perform ATP assay in the present study but we know that ATP production is compromised in the progeny of mothers fed a low-protein diet. Indeed, the consequences of the maternal low-protein diet during gestation on the mitochondrial function in islet at adulthood is currently being investigated in our laboratory and we observed that ATP synthesis was blunted after glucose stimulation in the Figure 4 Expression of antioxidant enzymes MnSOD, PRDX3, PRDX5 mRNAs and ATPase6 mRNA in islets of adult progeny. Rats from control (C), recovery (R), controlCtaurine (CT) and recoveryC taurine (RT) groups were cultured for 48 h before being incubated or not with IL1B, IFNG and TNF for 24 h. The cDNA samples were amplified in parallel with TBP specific primers and results were expressed relative to controls. Results are meansGS.E.M. of five to nine samples per group.
3-month-old female progeny fed a low-protein diet during gestation. This correlated with 50% reduction of the ATPase6 mRNA expression in these female islets . In addition, at foetal age, we already showed that low-protein islets were unable to enhance ATP production in response to glucose . Moreover, the insulin secretion by these foetal islets was reduced after stimulation with secretagogues compared with control islets (Cherif et al. 1998) .
Peroxinitrite formation can be avoided by dismutation of O K 2 by manganese superoxide dismutase (MnSOD). The expression of this enzyme was analyzed in the islets but no significant difference was found between rats that were earlier fed either a low-or a normal-protein diet. Antioxidant defence state is very low in islets compared with liver tissue, especially the level of peroxide scavengers such as glutathione peroxidase (GPX) and catalase (Tiedge et al. 1997) . The role of the peroxidase PRDX has particularly drawn attention in recent years. The family is composed of six members coded by different genes but only isoforms -3 and -5 were found within mitochondria (Wood et al. 2003) . Our results showed that PRDX3 mRNA was unmodified by maternal diet but R islets overexpressed PRDX5 mRNA in basal conditions compared with controls. PRDX3 and PRDX5 differ by at least two important characteristics: i) unlike PRDX3, PRDX5 reduces ONOO K with a high rate constant (Dubuisson et al. 2004) ii) PRDX5 localization is not restricted to mitochondria since the protein is also detected in cytosol and peroxisomes (Knoops et al. 1999 , Seo et al. 2000 . These data suggest that the increased expression level of PRDX5 in R islets might be related to a high ONOO K production.
In our study, cytokines increased apoptosis in each group of islets by enhancing NO . production and inducing Fas as well as GADD153 mRNA. Moreover, 24 h cytokines incubation activated the release of chemokines MCP-1 and IP-10 and reduced ER stress protector SERCA2b, antioxidant enzyme PRDX5 and ATPase6 mRNA. These results are in agreement with others studies (Cardozo et al. 2001a , Darville & Eizirik 2001 , Kutlu et al. 2003 . Cytokines modified Fas mRNA but the expression was not affected by maternal diet suggesting that Fas pathway is not involved in the higher sensitivity of R islets. Interestingly, using iNOS-deficient and Fas-deficient islets, Zumsteg et al. (2000) demonstrated that Fas-induced b-cell death was independent of NO .
pathway. Also MCP-1 and IP-10, whose expression were unmodified by maternal low-protein diet in our study, were unchanged in MIN6 cells incubated with iNOS inhibitor (Baker et al. 2003) . In contrast to Fas, it is well known that cytokines induce apoptosis in b-cells by a NO . -dependent pathway due to an increased iNOS mRNA and protein expression. By knocking out the enzyme in the mouse (Liu et al. 2000) and using iNOS inhibitor in the rat (Cardozo et al. 2005) it was shown that iNOS is largely responsible for b-cell apoptosis in the presence of cytokines . These data support the hypothesis that NO . plays a key role in the R group islet-cell death. As iNOS transcription is regulated in a complex manner by several constitutive and inducible transcription factors including NFkB (Cardozo et al. 2001b ), p38 and ERK1/2 MAPK (Larsen et al. 1998) , it is likely that any factor that affects these signalling pathways modulate the enzyme expression. Nutrients present in the islets environment could intervene on iNOS expression. Accordingly, Wu & Meininger (2002) reviewed the effect of dietary factors including glucose, amino acids and free fatty acids on NO . synthesis and showed that some of them were potent modulators. On the other hand, Yu & Kone (2004) demonstrated that in vitro methylation of the iNOS promoter silenced the gene in mesangial cells by inhibiting the binding of NFkB to DNA. It is conceivable that maternal diet influenced DNA methylation which perturbs iNOS expression in the islet of the adult progeny.
Foetuses from low-protein fed mothers had decreased plasma taurine concentration compared with foetuses from well-fed mothers but the difference had disappeared at adulthood (Reusens et al. 1995 , Merezak et al. 2004 . Taurine supplementation to protein-restricted mothers during gestation and lactation restored a normal apoptotic rate in Figure 5 Schematic of the proposed mechanism leading to higher vulnerability in islets of adult progeny fed a low-protein diet during gestation and lactation. Ascending arrows ([) and descending arrows (Y) correspond to upregulated and downregulated genes respectively in islets of early protein restricted rats (R). Even in the absence of cytokines, inducible nitric oxide synthase (iNOS) mRNA expression and nitric oxide (NO . ) production were elevated consequently due to maternal malnutrition. The peroxinitrite reductase peroxiredoxin (PRDX5) mRNA level was increased in R islets cells, presumably due to high peroxinitrite (ONOO K )
produced by the reaction of NO . with O K 2 . Mitochondrial integrity could be affected because ATPase6 mRNA was markedly reduced in adult islets. This may impair ATP production and contribute to cell death. Another direct cause of the high apoptotic rate observed in R islets could be the upregulation of growth arrest and DNA damage inducible protein (GADD) 153 which is activated by NO . /ONOO K or during severe ER stress. As, neither chaperone BiP or SERCA2 pump mRNAs were modified by maternal low-protein diet, ER stress is not obvious in adults islets. K GOOSSE and others . Islet-cell vulnerability in the adult offspring adult islets cultured in standard conditions and protected these islets after cytokines induction. The long-term protective effect of taurine could be explained by lower NO . secretion and restored GADD153 and ATPase6 expression in adult islets. During development of the endocrine pancreas it would be possible that taurine acts as a protecting factor for b-cells. Indeed, we have already shown that taurine given to the protein restricted mother normalized both insulin secretion (Cherif et al. 1998) and ATP production in foetal islets . Taurine could have reduced ER stress and modified mitochondrial metabolism since the amino acid was shown to increase calcium storage in ER by stimulating the pumping rate of calcium ATPase pumps (Huxtable 1992) and to modulate the calcium buffering capacity of the mitochondria (El Idrissi 2006) . Moreover, taurine-conjugated acid reduced ER stress in ob/ob mice, a model of severe obesity and insulin resistance (Ozcan et al. 2006) . On the other hand, we showed that inappropriate taurine supplementation during offspring development is deleterious for the endocrine pancreas of the adults since apoptosis and NO . production was enhanced compared with well-fed rats not supplemented. It is likely that inadequate taurine levels during development led to the perturbation of islet-cell homeostasis which may modulate cellular differentiation and consequently create a subpopulation of islet cells. These cells may transmit their particular phenotype across the endocrine lineage until adult age.
In summary, we have shown that even in the absence of induction by cytokines, adult islets in the progeny of lowprotein diet fed dams express higher iNOS levels, and consequently secreted large amounts of NO (Fig. 5) . Together with ONOO K produced in mitochondria, NO .
would affect GADD153 expression and lead to triggering apoptosis. Mitochondrial functioning would also be impaired since ATPase6, a mitochondrial encoded gene that intervenes in ATP production was markedly downregulated subsequent to early protein restriction. Taurine supplementation to protein-restricted mothers during gestation and lactation normalized apoptosis levels in the adult islets. We propose that this protection was mediated by decreasing NO . production leading to restored GADD153 and ATPase6 expression.
This study demonstrates that a maternal low-protein diet programmes a different pattern of gene expression in islets of adult progeny, which render islet cells more susceptible to apoptosis. Nitric oxide appears to play an important role in this increased vulnerability but further experiments are required to elucidate the mechanism that regulate iNOS activation subsequent to maternal low-protein diet and early taurine supplementation.
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